The toxicity of metals, including mercury, is expressed differently in different media, and the addition of soluble organics to the growth medium can have a significant impact on bioassay results. Although the effect of medium composition on metal toxicity is generally attributed to its effect on metal speciation (i.e., the chemical form in which the metal occurs), the importance of individual metal-ligand species remains largely unclear. Here, we report the results ofa study that investigated, both experimentally and from a modeling perspective, the effects of complex soluble organic supplements on the acute toxicity (i.e., 50%o inhibitory concentration [ICsaJ) of mercury to a Pseudomonasfluorescens isolate in chemically well-defined synthetic growth media (M-IIX). The media consisted of a basal inorganic salts medium supplemented with glycerol (0.1%, vol/vol) and a variety of common protein hydrolysates (0.1%, vol/vol), i.e., Difco beef extract (X = B), Casamino Acids (X = C), peptone (X = P), soytone (X = S), tryptone (X = T), and yeast extract (X = Y). These were analyzed to obtain cation, anion, and amino acid profiles and the results were used to compute the aqueous speciation of Hg(II) in the media.
Respirometric bioassays were performed and IC,Os were calculated. Medium components varied significantly in their effects on the acute toxicity of Hg(II) to the P. fluorescens isolate. IC50s ranged from 1.48 to 14.54 ,ig of Hg ml-,, and the acute toxicity of Hg(H) in the different media decreased in the order M-IIC > M-IIP > M-IIB > M-IIT > M-IIS >>> M-IIY. The calculated ICsas were related to the aqueous speciation of Hg(II), and a significant negative correlation (r = -0.904) (P = 0.05) between the ICso and the mole fraction of Hg(II) bound in Hg-chloride complexes was observed. This was particularly noteworthy because the only source of chloride in the M-IIX media was the organic supplements. There also was a significant positive correlation (r = 0.831) (P = 0.05) between the IC50 and the mole fraction of free Ca2+ plus Mg2' in the media, suggesting that these ions have a moderating effect on the toxicity of Hg(II). Overall, differences in the mole fractions of Hg-chloride complexes (primarily HgCl+, HgCl20, and HgCIOH°) and free Ca21 plus Mg2e accounted for about 96% of the variation in the acute toxicity of mercury (i.e., R2 = 0.955) (P = 0.01).
It is well documented that the bioavailability and toxicity of trace metals to aquatic microbiota are influenced by the chemical form (i.e., aqueous species) of the metal (4, 9, 15) . Indeed, the response of an organism to a specific form of a metal, rather than its total concentration, is an important consideration in the development of water quality standards (24) . In the case of mercury, bioavailability and toxicity are dependent on the speciation of the mercuric ion (Hg2+) which, in turn, is a function of the concentrations of all potential coordinating ligands in solution. Thus, given the complexity of the growth media used in most toxicity testing schemes, it is not surprising that bioassays for mercury toxicity rarely take Hg(II) speciation effects into consideration.
The interpretation of bioassay results, and the extrapolation of these results to in situ conditions, is often complicated by the inclusion of complex soluble organics in the bioassay media. Complex ingredients, such as yeast extract and proteose peptone, have different affinities for Hg(II) (20) and can have a significant effect on the toxicity of the metal (5) . The effects of medium composition on Hg(II) toxicity are usually attributed to the impact of the medium on the availability (activity) of the free aquo ion (Hg2+). It inorganic and low-molecular-weight organic ligands can contribute significantly to the overall toxicity of Hg(II) (6, 10, 12, 17, 19) . Consequently, any attempt to elucidate the biological effects of Hg(II) should include a careful consideration of the composition of the growth medium and its impact on the chemical speciation of the Hg(II) ion.
It is much more difficult to quantitatively determine the individual metal-ligand species in a sample than to determine the total concentrations of metals and ligands. Moreover, it is unrealistic to think that the quantitative determination of all metal-ligand species in a sample can be incorporated into toxicity testing schemes on a routine basis. Computer modeling of metal speciation in natural and synthetic media, however, provides a relatively rapid and inexpensive alternative to the quantitative determination of individual metalligand species. Computer programs such as MINTEQA2 (1) and GEOCHEM-PC (18) (3) . Stock cultures were prepared by streaking the isolate onto tryptic soy agar slants, which were incubated for 48 h at 25°C and then stored at 4°C. Working cultures were prepared by streaking the stock culture onto fresh tryptic soy agar plates, which were incubated for 48 h at 25°C and then stored at 4°C. Fresh working cultures were prepared every 6 to 8 weeks.
Toxicity assessment. Bioassays based on the measurement of respiration (i.e., CO2 production) were used to evaluate the acute toxicity of mercuric nitrate in a variety of synthetic growth media. Media used in this study included a basal inorganic salts medium (M-I), the M-I medium supplemented to contain 0.1% (vol/vol) glycerol (M-II), and the M-II medium supplemented to contain 0.1% (wt/vol) of the various soluble organic components (M-IIX, where X is the code designation for the organic component). The organic components (Difco Laboratories, Detroit, Mich.) evaluated were beef extract (X = B), Casamino Acids (X = C), peptone (X = P), soytone (X = S), tryptone (X = T), and yeast extract (X = Y). The M-I medium was based on the minimal salts medium of Chan (11) but was prepared Cl free by substituting appropriate nitrate salts. The M-I medium consisted of the following (in milligrams per liter of deionized water): KN03 (1,000), KH2P04 (500), K2HPO4 (500), (NH4)2SO4 (1,000), CaSO4 2H20 (50), MgSO4 7H20 (50), MnSO4 H20 (10), and FeSO4 7H20 (10).
The bioassay procedure was as follows: (i) inoculum (sediment isolate BPL85-48) was grown in 50 ml of the appropriate bioassay medium (e.g., M-IIY) at 25°C for 16 h; (ii) cells (in early to mid-log phase) were harvested by centrifugation (1,000 x g for 10 min), washed, and resuspended in 50 ml of M-I medium; (iii) the optical density of the resuspended cells was adjusted to a value of 105 + 5 Klett units with sterile M-I, yielding a cell density of approximately 109 cells ml-1; (iv) 1.0-ml aliquots of the cells were added to 15-cm3 serum bottles containing 1.0 ml of M-II medium supplemented with the appropriate organic compound (0.2%, wt/vol) and mercuric nitrate (0 to 30 ,ug of Hg ml-1); and (v) the bottles were sealed with rubber septa and triplicate samples were incubated at 25°C for 6 h, at which time the percent CO2 was determined by injecting 1.0 cm3 of the serum bottle atmosphere into a Fisher-Hamilton gas partitioner equipped with a thermal conductivity detector and connected to a Hewlett-Packard 3390A integrator. Controls were prepared by inoculating Hg-free media and were included in each trial. Blanks consisting of uninoculated media were used to measure the amount of ambient CO2 in the headspace of the serum bottles under no-growth conditions. Respiration was calculated as a fraction of the control and plotted against the total Hg concentration. The concentrations of total Hg that inhibit respiration by 50% (IC50s)
were calculated from equations obtained by regression analysis of the CO2 versus Hg concentration data. The pH of the bioassay media was adjusted to 8.05 + 0.05 prior to the start of the toxicity tests and was measured again immediately after the serum bottle atmosphere was sampled.
Tukey's honest significant difference was used to analyze the data from the toxicity assessment study. The study consisted of two trials with three replicates for each of the six treatments. Correlations between the IC50 and the activity or mole fraction of various Hg(II) species were assessed by using the Pearson correlation coefficient. Regression analysis was used to determine the nature of the relationship for comparisons yielding a significant correlation coefficient.
Analyses of the organic medium components. The organic medium supplements were analyzed for (i) amino acid content (free and hydrolyzable) and ammonia, (ii) major and trace cations, and (iii) major and trace anions. Amino acid analyses were performed by using the Pico tag amino acid analysis system (25) and were carried out by the Industrial Microbiology Research Laboratory of the Department of Applied Microbiology and Food Science, University of Saskatchewan. Cation and anion profiles were determined in accordance with the protocols set forth by the American Public Health Association (2). Major and trace cations were determined by inductively coupled plasma-atomic emission spectroscopy at the Analytical Services Division of the Saskatchewan Research Council. Major and trace anions were determined at the Saskatchewan Soil Testing Laboratory by ion chromatography (Cl-and S042-) and titration (HCO3-) and by using a Technicon autoanalyzer (NO3-and PC43-). The cation, anion, and dissolved free amino acid profiles of the various organic medium components are presented in Tables 1 and 2 .
Mercury speciation. The aqueous speciation of mercury [i.e., the distribution of aqueous Hg(II)-ligand species] in the bioassay media was calculated by using the computer program GEOCHEM-PC (18) . The variables used to compute Hg(II) speciation were pH (both initial and final), total metal concentration, total ligand concentration, and ionic strength. The input species were identified as the free metal cations, H+, and the free ligands. The data base (GEODATA) had been modified previously by Farrell et al. (12) to include stability constants for the various combinations of metals and ligands listed in Tables 1 and 2 . The output data were expressed in terms of activity and mole fraction. Activity refers to the effective concentration of the various complexes in solution and is defined mathematically as follows: ai = fci, where ai is the activity of the aqueous species i, ci is the actual concentration of that species, and f is the activity coefficient. In general, the mole fraction (X) of a substance is defined as the ratio of moles of one substance to the total moles of all substances in a mixture; here we define the mole fraction of a metal-ligand species, i, as the ratio of the molar concentration of that species (ci) to the total concentration of the metal (CT); i.e., Xi =c'CFC.
RESULTS
Toxicity assessment. Respirometric bioassays were conducted to determine the effects of soluble organic growth medium supplements on the acute toxicity of mercury(II) to P. fluorescens isolate BPL85-48. Fresh, actively growing cells are generally more susceptible to toxicants; therefore, inocula were prepared from cultures in early to mid-log phase of growth. A 6-h incubation was chosen to encompass the periods of active cell growth (3 to 4 h) and maximum respiratory activity (data not shown). Typical Hg(II) response curves for the isolate are presented in Fig. 1 , and the results of the bioassays, reported in terms of the IC50s, are summarized in Table 3 . The organic supplements varied significantly in their effect on both microbial activity (as indicated by the maximum amounts of CO2 produced) and the acute toxicity of Hg(II). In the absence of added Hg(II), (Table 3) , the maximum amount of CO2 produced by the P. fluorescens isolate in the M-IIY medium was about 30% less than that produced in the M-IIT medium. Likewise, although the maximum amounts of CO2 produced in the M-IIS and M-IIY media were essentially the same, the IC50 for the M-IIS medium was about 45% less than that obtained for the M-IIY medium (Table 3) . Similar results were observed for the M-IIC and M-IIP media (Table 3) . Mercury(H) speciation. The computer program GEO-CHEM-PC (18) was used to calculate Hg(II) speciation in the different growth media. The free aquo ion (Hg2+) and 52 Hg(II)-ligand species were considered in the calculations. The primary Hg(II)-ligand species in each of the growth media (those present at concentrations of .0.01 mol% of the total mercury) are listed in Table 4 (calculated mole fractions based on the final pH of the media). Whereas the distribution of Hg(II) among the primary species varied between growth media, the 17 species listed in Table 4 accounted for more than 99.7 mol% of the total Hg(II).
In all cases, the pH of the M-IIX media decreased during the 6-h incubation ( a Symbols in parentheses represent the aqueous chemical species entered into the GEOCHEM-PC program. Amino acids listed in italics are those for which stability constant data for the Hg(II)-amino acid species were not available. They were, however, included in the GEOCHEM-PC computations.
b Values are not reported for amino acids present at concentrations less than the limit of detection.
significant effect on the total amount of Hg(II) bound by the primary species. The total amount of Hg(II) bound in complexes with the dissolved free amino acids was also relatively unaffected by the change in pH (Fig. 2) and could account for about 18 to 80 mol% of the total Hg(II).
Correlations between the IC50 and the total concentrations of all metals and ligands and between the IC50 and the activities or mole fractions of selected Hg(II) species were evaluated by using the Pearson correlation (21) . All data were log transformed before the correlation procedure was carried out, and only those Hg(II)-ligand species present at activities greater than that of the free Hg2+ were included in the correlation matrix. Of the nearly 100 correlations examined, only 9 were significant (P c 0.10). The correlation coefficient data (calculated activities and mole fractions based on the final pHs of the media) are summarized in Table   5 . Similar results were obtained when the comparisons were made by using calculated activities (mole fractions) based on the initial pHs of the media, except that the comparisons between IC50s and activities and mole fractions of the free Ca2' and Mg2+ were not significant.
As we noted in previous studies (12, 13) , the IC50 was more highly correlated to the mole fraction of a Hg(II)-ligand complex than to the activity (or concentration) of the complex. This reflects the fact that the toxicity of a metal is a The significant correlations between the IC50 and the mole fractions of free Ca2" and Mg2" ( (Cl) .
c Significance at the P = 0.10 (t), P = 0.05 (*), and P = 0.01 (**) levels of probability is indicated. NS, not significant. analysis are summarized in Table 6 . Clearly, the dominant factor affecting the IC50 was the mole fraction of Hg-chloride complexes (F = 54.99**). The inclusion of additional variables in the regression analysis (using a stepwise procedure) failed to produce any significant improvement in the coefficient of multiple determination (R2); thus, we believe that differences in the toxicity of mercuric nitrate in the synthetic M-IIX media are controlled primarily by differences in the amounts of Hg(II)-chloro complexes and free Ca2" and Mg2+ in the media. DISCUSSION Bioassay media should not be considered chemically inert systems whose sole function is to support microbial growth (7) . Indeed, the composition of the medium can have a significant effect on the reactivity and bioavailability of a metal, and a given metal may exhibit vastly different toxicities when cells are grown in different media (4, 7, 16) . Consequently, the interpretation of metal toxicity data is often clouded by the effects of medium composition on bioavailability. This is especially true for bioassay media that contain complex soluble organics. Ramamoorthy and Kushner (20) reported that the affinity for Hg(II) of several complex soluble organics increased in the order Bacto Peptone < Bacto Tryptone < yeast extract < proteose peptone << Casamino Acids. Thus, one could reasonably expect to find that the toxicity of Hg(II) in a simple growth medium (e.g., the M-II medium) supplemented with equal amounts of these organics would decrease in a similar order. Thus, the present investigation was conducted to determine the effects of several common growth medium supplements on the acute toxicity of Hg(II) and to ascertain the dependence of toxicity on Hg(II) speciation. Our initial hypothesis was that the acute toxicity of Hg(II) would mirror the affinity sequence.
We found that the composition of the growth medium had a significant effect on the acute toxicity of mercuric nitrate to P. fluorescens isolate BPL85-48. Although there was an apparent tendency for the IC50 to increase as the ability of the medium to support growth increased, there was no significant correlation between the IC50 and the amounts of CO2 produced by the bacterial cultures. Likewise, although the organic supplements contained various amounts of amino acids (Table 2) , there was no significant correlation between the IC50 and either the total or dissolved free amino acid content of the media. These results suggest that even though the media varied in their nutrient content and availability, nutritional status was not the major factor influencing Hg(II) toxicity.
Because the various soluble organics have different affinities for Hg(II) (16, 20) , it is often assumed that complexation of Hg(II) by the organics is the mechanism responsible for the differences in toxicity expressed in the different media. However, our data demonstrated that there was no significant relationship between the amounts of Hg(II) bound by the amino acids and the acute toxicity of mercury. For example, although the amount of Hg(II) bound in complexes with amino acids was essentially the same for the M-IIC, M-IIB, and M-IIY media (Fig. 2) , mercuric nitrate exhibited vastly different toxicities in these media: acute toxicity was greatest in the M-IIC medium (IC50 = 1.48 ,ug of Hg ml-'), intermediate in the M-IIB medium (IC50 = 5.00 ,ug of Hg ml-l), and least in the M-IIY medium (IC50 = 14.54 jig of Hg ml-'). Likewise, although the distribution of Hg(II)-amino acid species varied between growth media (Table 4) , there were no significant correlations between the IC50 and the mole fractions of any of the individual Hg(II)-amino acid species. Similar results (data not shown) were obtained when the total hydrolyzable amino acid profiles were used in the speciation model. These results indicate that something other than the amino acids was controlling the toxicity of Hg(II) in the M-IIX media.
The acute toxicity of mercury increased as the total concentration of chloride in the media increased. Total (Table 5) . These results are similar to those reported earlier (12, 13) . Because the activities and mole fractions of the various Hg(II)-chloro species were highly collinear, it was not possible to quantitatively determine the relative toxicity of individual species. Nevertheless, it was postulated that HgCl+ (because of its cationic nature and because the Hg2' ion is still free to interact directly with other ligands) and HgCl20 (because of its high degree of permeability through lipid bilayer membranes [14] ) were the most toxic of the Hg(II)-chloro species.
Not only is the toxicity of metals influenced by the organic and inorganic ligands in the bioassay medium, but it is also influenced by the type and concentration of inorganic cations in the medium (5) . These secondary, or background, cations can affect Hg(II) speciation by competing for the organic and inorganic ligands in the bioassay medium and may affect the toxicity of Hg(II) directly by competing for sites on cell surfaces. Although there was no significant correlation between the IC50 and the total concentration of any metal in the media, our data indicated that the IC50 was significantly correlated to the activities of free Ca2' and Mg2+ (Table 5 ).
Soluble complexes of calcium and magnesium with the dissolved free amino acids or chloride were generally negligible, accounting for no more than 0.13 mol% of the metals, 0.06 mol% of the amino acids, or 0.02 mol% of the chloride. Consequently, the protective effect of calcium and magnesium was most likely due to the interaction of free Ca2+ and Mg2+ with the bacteria themselves. Rai et al. (19) reported that Ca2+ and Mg2+ reduced the toxicity of Hg(II) to Chlorella vulgaris; however, no mechanism for the protective effect of these metals was suggested. Likewise, Shuttleworth and Unz (23) reported that free Ca2+ and Mg2+ reduced the toxicities of copper, nickel, and zinc to filamentous bacteria (Thiothrzx spp.). In general, inorganic cations are considered to protect bacteria and algae against metal toxicity by outcompeting the free metal ions for sites on the cell surfaces. In the case of mercury, however, this would assume that the toxic effects of the metal are due solely to free Hg2+. Our data do not justify this assumption, and we believe that the ameliorating effects of Ca2+ and Mg2+ were due to the capacity of the metals to (i) outcompete the cationic HgCl+ complex for sites on the cell surfaces and (ii) alter the cell membrane so that it was less permeable to HgCl20. In the latter instance, decreased permeability could reflect either the accumulation of positive charges within the cell membrane, resulting in decreased movement of HgCl20 across the membrane (8) , or a change in the molecular architecture of the membrane, which is responsible for the permeability characteristics of the membrane and is directly influenced by the concentration of free Ca2+ in the surrounding medium (22) .
Although the activity and mole fraction of free Hg2+ in the M-IIX media increased as the IC50 increased, this merely reflects the dependence of the free Hg2+ concentration on the total concentration of mercury in the media. However, when the total concentration of mercury in the M-IIX media was held constant (5 ,ug ml-'; data not shown), we found that there was no significant correlation between respiratory inhibition and the activity or mole fraction of free Hg2+ in the media. This suggests that the free Hg2+ contributes little to the overall (acute) toxicity of the metal and is in disagreement with the generally accepted view that the free aquo ion is the most toxic form of a metal. This lack of effect of free Hg2+ is presumably related to the extremely low activities (ranging from 5.7 x 10-16 to 4.8 x 10-14 M) of free aquo ion in the media. Furthermore, the low Hg2+/(Ca2+ + Mg2+) ratios (ca. 10-1") suggest that any toxic effects of free Hg2+ may have been mediated by the protective effects of free Ca + and Mg2+. Given that environmental conditions rarely favor the formation of free Hg2+ (9) and that Ca2+ and Mg2+ are the predominant cations in freshwater systems, it appears unlikely that the free Hg(II) ion will play a significant role in regulating the acute toxicity of mercury in these systems.
In summary, this investigation was conducted by using experimental and modeling techniques to elucidate the critical parameters that affect the chemical form (species) and toxicity of mercury in a synthetic growth medium (M-II) supplemented with various complex soluble organics. We had previously demonstrated (12, 13) that chloride additions enhanced the toxicity of Hg(II) in M-IIY medium; consequently, chloride salts were not included in the basal salts medium. Although the acute toxicity of Hg(II) to P. fluorescens isolate BPL85-48 was clearly dependent upon the chemical composition of the growth medium, we found that there was virtually no relationship between the affinity of the organic supplements for Hg(II) and the acute toxicity of Hg(II) in the M-IIX media. Instead, we found that the medium supplements contained various amounts of chloride which greatly affected the acute toxicity of the Hg(II). Statistical analysis of the Hg(II) speciation and bioassay data indicated that complexes of mercury with chloride (principally HgC1+, HgCl20, and HgClOH°) were the Hg(II) species primarily responsible for the acute toxicity of mercuric nitrate. Our data also indicated that the toxicity of Hg(II) was inversely related to the amounts of free Ca2+ and Mg2+ in the media. These results corroborate our earlier findings (12, 13) that 1:1 and 1:2 Hg-chloro complexes play a significant role in determining the relative toxicity of Hg(II) and demonstrate that these observations hold true for many types of media. Moreover, our results support the hypothesis that the biological effects of mercury are more closely related to the chemical form of the metal than to its total concentration.
Ultimately, bioassays for evaluating the toxicity of metals must be related to the physicochemical speciation of the metal. However, until analytical techniques for quantifying metal-ligand species become less expensive and more refined, they are unlikely to be included in toxicity testing schemes on a routine basis. In the meantime, computer modeling of metal speciation represents an important tool that can help researchers make better judgments regarding the bioavailability and toxicity of metals in natural and synthetic systems. Although it is difficult to extrapolate the VOL. 59, 1993 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from results of in vitro studies with a single test organism and synthetic growth media to natural systems, it is not unreasonable to assume that metal-ligand species which are highly correlated to toxicity in artificial systems will also be correlated to toxicity in the natural environment. However, additional research is needed to determine the role of various Hg(II)-ligand species in the ecotoxicology and biogeochemistry of mercury.
